INTRODUCTION {#sec1-1}
============

Radiation therapy is the use of high-energy particles or rays to damage cancer cells and prevent them from growing. This treatment modality can be used alone or in conjunction with surgery, chemotherapy or hormonal therapy to treat cancer. The source of radiation could be X-rays, gamma rays, electrons, neutrons, protons, and so on. The goal of radiation therapy is to damage as many cancer cells as possible, while limiting harm to the nearby healthy tissue and irradiating a minimal dose in the critical organs.\[[@ref1]\]

In the treatment planning stage, using all available information, including that obtained from the simulation, the final plan will determine the technique, type of therapy, size, the number of X-ray beams, and the direction of each beam. Next, using the role of the physics of radiation therapy in the treatment planning software, the dose and various voxels of the CT scan are calculated. Each voxel in the CT corresponds to a point in the patient. Finally, the dose distribution is illustrated for evaluation of the treatment. This illustration is usually in the form of isodose lines. Isodose lines are the lines through the points, with the same amount of dose.

There are several methods for dose calculation in radiation therapy, such as, the pencil beam algorithm,\[[@ref2]\] superposition-convolution algorithm,\[[@ref3]\] and the Monte Carlo techniques.\[[@ref4]\] In the pencil beam algorithm, an electron beam is modeled as a collection of forward-directed 'pencils' after the collimation device of the accelerator. The electron pencil beams at subsequent planes are redistributed in a Gaussian distribution due the scatter in the medium and air.

In the superposition-convolution algorithm the 'total energy released per unit mass' is convolved with the 'energy deposition kernels'\[[@ref5]\] generated in the homogeneous media of different densities, to obtain the dose distribution.

The Monte Carlo (MC) method is a statistical simulation method based on random sampling.\[[@ref4]\] For radiation transport problems, this technique simulates the tracks of individual particles by sampling appropriate quantities from the probability distributions governing the individual physical processes, using machine-generated random numbers.

The MC technique is the most accurate method for radiotherapy treatment planning dose calculation, which is capable, in principle, of accurately computing the dose under almost all circumstances. Extensive efforts have been made to improve the MC dose calculation algorithms used in the treatment planning systems to accurately reproduce all beam geometries and beam modification devices and to account for the effects of heterogeneities in the full three-dimensional (3D) patient geometry.

MONTE CARLO TECHNIQUE {#sec1-2}
=====================

The Monte Carlo (MC) methods are stochastic techniques that are based on the use of random numbers and probability statistics, to investigate problems.\[[@ref6]\] Thus, the MC methods are a collection of different methods that perform the same process: This process involves performing many simulations using random numbers and probability distributions to get an approximation of the answer to the problem. The defining characteristic of the MC methods is its use of random numbers throughout the simulation process. One of the most important usages of the MC methods is in the evaluation of difficult integrals such as multi-dimensional integrals.\[[@ref7]\]

An example of a MC technique is illustrated in [Figure 1](#F1){ref-type="fig"} In this example, the area s~2~, with an irregular shape, is to be calculated. First, we place the area s~2~ inside a regular (rectangular) shape s~1~, the area of which is known. Subsequently, we cover the s~2~ with many (n~1~) randomly distributed dots and we count the number of dots that hit s~2~. The ratio of the two numbers is proportional to the ratio of the surfaces:

![](JMSS-1-73-g001.jpg)

![An example of Monte Carlo technique for area calculation of an irregular shape](JMSS-1-73-g002){#F1}

There are two requirements to have an acceptable answer:

The number of the points has to be large so that the ratio of the numbers approaches the ratio of the areasThe points have to be distributed randomly to avoid a systematic error

The obligation of having a large number of points (or simulations for other types of the problems) generally makes the Monte Carlo method a slow technique.

MONTE CARLO IN RADIATION THERAPY {#sec1-3}
================================

The Monte Carlo techniques have been used in various branches of radiation therapy,\[[@ref8][@ref9]\] from simulation of radiation therapy equipments and sources to dose calculation in various geometries.\[[@ref10]--[@ref18]\] For simulation of the photon and electron particles one has to apply the physics of transport for modeling, which requires the knowledge of interactions of the particle, probability of each interaction, and other information. When an electron traverses matter, it interacts with the electrons and the nuclei of the medium and begins to lose energy as it penetrates the medium.

The interaction can be generally categorized as collisions between the electron and either the atomic electrons or the nucleus.\[[@ref19]\] The collisions are described as soft and hard collisions. In soft collisions, the electron passes an atom at a relatively large distance, and the Coulomb force field affects the whole atom with an excitation or ionization. In this kind of collision, a small amount of energy can be transferred to the medium. A hard collision is the interaction of the particle with a single bound electron, which leads to the ionization of the atoms in the matter, in which knock-on electrons (or δ-rays) are produced.

An electron, in reality, undergoes a very large number of elastic and inelastic interactions and it is not possible to simulate each electron collision explicitly. Therefore, in MC calculations, inelastic collisions are grouped into a discrete process, with continuous energy loss (condensed history simulation, [Figure 2](#F2){ref-type="fig"}).\[[@ref8]\] In a discrete process (hard collisions) secondary particles are produced with an energy above a user defined threshold. The energy of the electrons is supposed to be deposited in the surrounding medium continuously between the hard collisions \[Figure [2a](#F2){ref-type="fig"} and [b](#F2){ref-type="fig"}\]. The elastic collisions are described by changes in the direction of movement after each electron step.

![Illustration of the condensed history algorithm. The track of the electron (above) includes many secondary electrons and photons (dashed line in the upper panel). The electron track in the shaded box is simulated with a condensed history algorithm. The initial and final positions of the electron in one step are A and B, which include the scattering of the electron in the medium. However, condensed history implementation does not provide information on how the particle goes from A to B. The curved dashed line connecting A and B is a more realistic representation of the trajectory than a straight line from A to B. (Figure modified from Ref.\[[@ref8]\])](JMSS-1-73-g003){#F2}

The particles in the MC calculations are transported until they reach a user defined energy cut-off (e.g., 0.01 MeV for photons and 0.6 MeV for electrons). Through a large number of simulations (histories) the quantity of interest can be calculated, for example, the deposited energy in each voxel.

As for the statistical nature of MC calculations, each calculated parameter is subject to a statistical uncertainty and one can reduce the uncertainty with a larger number of histories or many variance reduction techniques.\[[@ref20]--[@ref23]\] Variance reduction techniques reduce the time for particle simulations and improve the speed of the code. These techniques (few of which are discussed in the following sections) are important elements of any MC code and may be different for various applications and geometries.

A general purpose MC code should consider all aspects of the electron and photon transport and it should be able to produce accurate results in a heterogeneous phantom. Several general purpose MC codes have been developed for radiation transport calculation, which are used in medicine, such as, EGS4,\[[@ref24]\] EGSnrc,\[[@ref25]\] MCNP,\[[@ref26]\] and GEANT.\[[@ref27]\] The MC codes for simulation of linear accelerators and dose calculation in the patient are BEAMnrc\[[@ref28]\] and DOSXYZnrc,\[[@ref29]\] which are based on EGS4/EGSnrc.

EGSnrc/BEAMnrc/DOSXYZnrc are some of the most widely used packages in radiation therapy.\[[@ref9]\] EGSnrc is a version of the program Electron Gamma Shower 4 (EGS4) and has been applied to all areas of radiation protection, dosimetry, and medical physics, and has been extensively validated.\[[@ref30]--[@ref37]\] BEAMnrc is used to simulate many types of radiotherapy sources and clinical accelerators.\[[@ref38]--[@ref40]\] BEAMnrc can produce a phase-space output of the beam (including energy, charge, position, and direction) at any specified plain in geometry. DOSXYZnrc is designed for dose calculations in 3D rectilinear voxel geometry. The output data calculated by BEAMnrc can be used as an input file for DOSXYZnrc. All three codes (EGSnrc/BEAMnrc/DOSXYZnrc) can run under the UNIX or Windows Operating Systems.\[[@ref41]\]

The simulation of a linear accelerator with BEAMnrc is combined with DOSXYZnrc, in which a CT data set can be used as an input file and simulation of each particular patient can be handled.

THE NEED FOR A FAST MONTE CARLO CODE {#sec1-4}
====================================

The general-purpose MC codes transport the particles in a wide range of energies and materials with the best available transport algorithms and cross-sections.\[[@ref42]\] The general-purpose codes have been designed for all application types and have not been optimized for clinical situations. Hence, despite clever variance reduction techniques, they are relatively slow for dose calculations in the treatment planning systems.\[[@ref43]\] Consequently in the past decade, several fast MC codes have been developed to improve the efficiency and decrease the calculation time, such as, Macro Monte Carlo,\[[@ref44][@ref45]\] Superposition Monte Carlo,\[[@ref46][@ref47]\] Voxel-based Monte Carlo (VMC, VMC++),\[[@ref48]--[@ref51]\] Dose Planning Method (DPM),\[[@ref52]\] and MCDOSE.\[[@ref53]\]

Although with the speed of recent computer hardware and using parallel processing techniques, it has become possible to run a general purpose code in a reasonable amount of time, fast MC techniques are still essential for applications such as a four-dimensional MC (Monte Carlo for moving components).\[[@ref54]--[@ref57]\] All the mentioned fast MC codes benchmark their results to the EGS4 or the EGSnrc code and the gain of speed has been 10--50 times faster for electron transport. Most of the fast MC codes have been improved from their original versions over the past few years; they have also been compared with benchmark experiments and produce mostly accurate results.\[[@ref58]--[@ref67]\] MMC, SMC, and VMC++ have reached speed up factors 20, 30, and 50 times faster than EGS4, respectively, and their dose distributions are typically within 3--4, 2, and 1% of the EGS4 results, respectively. The details of different approaches for a fast MC are discussed in the following sections.

MACRO MONTE CARLO {#sec1-5}
=================

Sphere by Sphere Transport of the Electron {#sec2-1}
------------------------------------------

Macro Monte Carlo (MMC) is one of the very first fast MC codes that was developed in 1992.\[[@ref44]\] At that time, the pencil beam algorithm was the most successful methods to calculate the electron beam dose in radiation therapy.\[[@ref68][@ref69]\] However, large differences between pencil beam calculations and experiments were reported.\[[@ref70]--[@ref72]\] The MC methods were also very slow with the available computers and the MMC code was developed to apply the MC techniques in a more efficient manner.

The MMC code transports the MMC in sphere-by-sphere macroscopic steps, as illustrated in [Figure 3](#F3){ref-type="fig"} The characteristics of the electron after each sphere are determined from the pre-calculated database. The resulting parameters of the electron after each step are sampled from a pre-calculated probability distribution.

![Electron transport in MMC. The direction of an electron after each spherical step is indicated by arrows and is determined by using per-calculated data](JMSS-1-73-g004){#F3}

Generation of Probability Functions {#sec2-2}
-----------------------------------

Pre-calculated data are generated by EGS4, in which an electron is vertically incident on the surface of the macroscopic sphere. The geometry of the incident electron and the sphere is illustrated in [Figure 4](#F4){ref-type="fig"}. The initial parameters for generation of pre-calculated data are the radius of the sphere, density and material of the sphere, and incident energy of the electron.

![The geometry of the incident electron and various parameters used for the database of MMC](JMSS-1-73-g005){#F4}

The radius of the sphere has a constant value of r=0.2 cm. Keeping the radius constant certainly produces some artifacts near the inhomogeneities, which will be discussed later. In this method, the sphere is like a black box, from which several secondary particles as well as primary electrons come out. The electron with the highest energy is considered the primary electron.

For various material and energies, the following parameters are stored in the database:

The distribution of the scattering angle (θ in [Figure 4](#F4){ref-type="fig"}) and the angle of the exited primary electron (α). The α angle technically determines the exited position of the primary electrons, as the radius is known. The possible range of the angles is split up into 18 bins. In the stored set, the probability of emergence in each angular beam and the mean angles (θ ,α) are saved as a discrete cumulative density function.Energy distribution of the exited primary electron (ef in [Figure 4](#F4){ref-type="fig"}). The possible range of ef (which is from 0 to the energy of the primary electron) is divided in 20 bins and the probability of each bin is saved in a discrete cumulative energy function.Probability of absorption of the primary electron in the sphere. This probability is calculated by dividing the number of exited primary electrons by the total number of incident primary electrons.Probability that 'transferred energy' (e~i~--e~f~) is deposited in a sphere or transferred to a secondary electron or secondary photon.A few other parameters that are required for complete transport of the particle are also saved. These include the range of the exited secondary electrons with Continuous Slowing Down Approximation (CSDA range). The secondary electrons in MMC are not transported explicitly and the energy is deposited according to CSDA approximation.

The pre-calculated data was generated for different materials such as lung (ρ=0.3 g/cm^3^), water (ρ=1 g/cm^3^), Lucite (ρ=1.19 g/cm^3^), solid bone phantom material (ρ=1.84 g/cm3), and aluminum (ρ=2.7 g/cm^3^). The energy cut-offs were set at 190 keV for electrons and 100 keV for photons. For each material the simulations were done using an energy range of 0.2--20 MeV (0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 3, ..., 19, 20 MeV). For a statistical uncertainty of 1% in the primary electron parameters in MMC, 30000 electrons were simulated for each sphere (with various energies and materials).

Comparison of MMC Results with EGS4 {#sec2-3}
-----------------------------------

An interesting illustration of the results for distribution of exited primary electrons on the surface of the sphere for various energies is illustrated in [Figure 5](#F5){ref-type="fig"}. The length of the vectors is proportional to the number of electrons, and the results are illustrated for three sets of the incident parameters: water-8 MeV, water-1.5MeV, and bone-1.5 MeV. At high energies, the electrons emerge in the forward direction with a small scattering angle. On account of the larger scattering power of the bone, the emerged electrons are widely scattered in the orthogonal direction.

![Spatial distributions of exited primary electrons on the surface of the sphere. (a) Water sphere, incident energy (ei)=8 MeV, (b) water sphere ei=1.5 MeV, (c) bone sphere ei=1.5 MeV (Figure from Ref.\[[@ref44]\])](JMSS-1-73-g006){#F5}

The results of MMC are compared to EGS4 with the same cut-off parameters. [Figure 6a](#F6){ref-type="fig"} illustrates the depth-dose distribution for monoenergetic electron beams of various energies, incident normal to the surface of a water phantom. The data are collected on the central axis for a 20 cm×20 cm field and the differences between MMC and EGS4 are 2--4%. [Figure 6b](#F6){ref-type="fig"} illustrates an example of MMC results in a heterogeneous medium in which a slab of bone and lung is embedded in a water phantom. The energy of the incident electron is 20 MeV and there are relatively large discrepancies of up to 8% near the interfaces. The MMC code is implemented in many clinical cases such as the head phantom, and the errors compared to EGS4 are in the range of 2--7%.

![(a) Depth dose of central axis for various energies in the water phantom in comparison with EGS4. The field size of the electrons beams were 20×20 cm^2^. (b) Central axis depth dose of 20 MeV electrons in water with a lung and bone slab (Figures modified from Ref.\[[@ref44]\])](JMSS-1-73-g007){#F6}

Discussion of MMC Results {#sec2-4}
-------------------------

The MMC generally has a large discrepancy in the buildup region of the dose distribution and near the interfaces of different materials. The errors are mainly due to several approximations for the transport of primary and secondary electrons. An approximation that produces large errors in the buildup region is due to the transport of the electrons in a straight path between the entrance and the exit point, as illustrated in [Figure 7](#F7){ref-type="fig"}. In MMC, the path of the electrons is lost in pre-calculated spheres, although the real path of the electrons is a random path. This assumption particularly produces large errors for regions with large dose gradients, such as the buildup region. It is possible to reduce the size of the spheres in the pre-calculated data, however, the total size of the pre-calculated data will increase as a result.

![Transport of the electron in MMC in a voxel-based phantom. The energy of the electron is deposited in a straight line from the entrance to the exit point of the sphere](JMSS-1-73-g008){#F7}

Other approximations that produce large errors are: (1) Constant radius of the sphere. An extension of the pre-calculated data for various size spheres increases the size of the pre-calculated data; however, it improves the accuracy of the results as will be discussed later. (2) Transport of the secondary electrons with CSDA approximation. (3) Approximation of angular distribution of the exited electrons in bin angles.

The above-mentioned approximations in MMC had been imposed by a limited available computer RAM at that time. The size of the pre-stored data in the MMC for each material was around 100 kb, which was also suitable for parallel processing. The speed factor of the MMC with respect to EGS4 was 4--10 for various geometries. MMC is commercially available for linear accelerators and the performance of the clinical implementation has been evaluated in the literature.\[[@ref61][@ref73]\]

Further Developments in MMC {#sec2-5}
---------------------------

As mentioned earlier, the early version of the MMC produced large artifacts in the buildup region and near the interfaces of different materials. In a follow-up development,\[[@ref45]\] the original version of MMC was significantly modified, in order to increase the speed and address the relatively large errors of the code.

The constant size of the sphere was recognized as the major reason for the poor performance of the code near the interfaces.

The authors implemented a newly developed adaptive step size algorithm in which the size of the spheres depended on the distance of the electron from the interface. There were other features in the new version of the MMC which improved the results of the code, and these will be discussed in this section.

Adaptive step size algorithm: The original MMC database contained a single sphere size of r=0.2 cm. To develop an adaptive step size algorithm, the database had to be expanded to include data for different sphere sizes. In the new version, five different sphere sizes were used for the generation of pre-calculated data (0.05, 0.1, 0.15, 0.2, and 0.3 cm). The size of the spheres had to be smaller than 3 mm, as the larger size of the sphere produced large artifacts in the dose buildup region. The resulting MMC database required 200 kb of memory.

Pre-process of the absorber volume: To use various sphere sizes, at each step, the distance of the electron from the closest boundary should be calculated. This calculation in-the-fly is time consuming and an algorithm is developed that allows the determination of the sphere sizes and mean density in each voxel of the CT phantom, by pre-processing of the whole CT volume, prior to MMC simulation. For this purpose, first the CT volume is converted to a density volume with a user-defined resolution (0.1--0.2 cm) through the application of CT to density conversion factors.

In the second step, the resulting density volume is scanned for heterogeneities. A sphere size is assigned to each voxel, with a volume that corresponds to the maximum radius of the sphere that can be placed in the center of the voxel, without reaching into the other materials. This process results in small sphere sizes near the interfaces of different materials, and large spheres to the point, at a large distance from the interfaces. The interface is defined between the voxels in which the ratio of densities are larger than 1.5. An example of a pre-processed head phantom is illustrated in [Figure 8](#F8){ref-type="fig"}. The importance of this technique is that a similar idea can also be used for fast transport of the particles in other MC codes.

![A pre-processed CT slice of the head. The resolution of the voxels are 2 mm in each direction. The numbers illustrate the sphere size that can be used for that voxel without crossing the interfaces. The number, two, is related to the smallest spheres size, 2 mm (Figure modified from Ref.\[[@ref45]\])](JMSS-1-73-g009){#F8}

Transport algorithm: An illustration of an adaptive step size algorithm is shown in [Figure 9](#F9){ref-type="fig"}. Using the pre-processed volume, the step size of the electron in each voxel is already available. The center of the sphere is placed at the distance of one radius of the maximum allowed sphere size in the current position of the electron. The direction of the motion is determined from the direction of the exited electron from the previous sphere.

![Transport of the electron using the adaptive step size algorithm. The arrows illustrate the direction of the exited primary electron and the straight line illustrates the path of the electron. The position of the spheres is determined by the number of the voxel (representing the size of the sphere) and direction of the emerged primary electron from the surface of the previous sphere (Figure modified from Ref.\[[@ref45]\])](JMSS-1-73-g010){#F9}

The energy of the primary electron is deposited along a straight line from the point the electrons enter the sphere to the exit point, as illustrated in [Figure 9](#F9){ref-type="fig"}. Ray tracing is performed by the Siddon ray tracing algorithm,\[[@ref74]\] through the voxels of the dose volume. This algorithm is discussed in Section 3.5.

Other developments: Another important development of the MMC is increasing the resolution of the angular bins. In the original version of the MMC, the angle of emerged primary electron was approximated in 18 bins, as illustrated in [Figure 10](#F10){ref-type="fig"}. For example, all the electrons that came out with angles between 10 and 20 degrees were approximated to 15 degrees. In the new version of the MMC, the data is stored for 100 bins, which produces a more accurate sampling of the angular distribution of the primary electrons around the surface of the sphere and improves the accuracy of the results.

![The angular range of the exited primary electron in the original MMC is 18 bins and it has been increased to 100 bins in new version of MMC, to improve the accuracy](JMSS-1-73-g011){#F10}

The results of MMC are improved in the new version for homogeneous and heterogeneous phantoms. An example for a heterogeneous phantom is illustrated in [Figure 11](#F11){ref-type="fig"}. The discrepancy between EGS4 and MMC reaches 4% (this is in contrast to the original MMC version, in which discrepancies of up to 8% were observed).

![Comparison of central axis depth dose between EGS4 and MMC for 20 MeV electron beam, and 20×20 cm^2^ field size (Ref.\[[@ref14]\])](JMSS-1-73-g012){#F11}

SUPERPOSITION MONTE CARLO {#sec1-6}
=========================

Implementation of Pre-calculated Tracks {#sec2-6}
---------------------------------------

The Superposition Monte Carlo (SMC) for electron transport is based on a simple and accurate technique, in which the code transports each electron explicitly through a microscopic 'pre-calculated' track.\[[@ref46][@ref47]\] The general purpose code, EGS4, is used for generation of the pre-calculated data. Using EGS4, electrons are transported in a large water phantom to avoid the track cut-off. The maximum allowable step size of the particle (SMAX) 24 was set to 0.05. The default setup configuration of EGS4 assigns a large step to the electron in such a medium, as the electron is far from the boundaries of the phantom; however, with decreasing maximum allowable step size, the code transports the electron in smaller steps.

In each step, various parameters such as position (x, y, z), deposited energy, and kinetic energy of the electron are saved in a file. The tracks of the secondary electrons are also saved with a different flag. The track of 3000 electrons with energies of 6 MeV and 15 MeV are simulated and saved in this way. The total energy cut-off for electron transport is ECUT=0.611 MeV, which means that the secondary electrons with kinetic energies above 100 keV are transported, while those with energies below that are deposited locally. In the final step, for generation of pre-calculated data, the stored data is post-processed. At each step, the position of the electron is converted to spherical coordinates such as step length, azimuthal angles, and polar angles (r, θ, Φ).

In SMC the electron tracks are generated in water (ρ=1 g/cm^3^). To transport the electrons in water-like materials (similar composition, but different density), each step is multiplied by the inverse of the density.\[[@ref75]\] However, for other materials with a different composition and atomic number, various parameters of the electron track in water have to be modified, such as, change in scattering, stopping power ratios, collision energy loss, and bremsstrahlung production. These modifications are discussed in detail in the related article.\[[@ref47]\]

Electron Transport in SMC {#sec2-7}
-------------------------

The tracks of electrons with energies of 6 or 15 MeV are picked up from the pre-calculated data and transported step by step in the voxel-based phantom. If the material of the voxel is not water, modification and scaling is done in each step. An example of an electron track for water and the same track modified for aluminum is illustrated in [Figure 12](#F12){ref-type="fig"}. The track of the electron in aluminum is shorter because of a larger stopping power.\[[@ref76]\] The aluminum track also has a larger lateral deflection due to the larger scattering power of the aluminum.

![A track of the electron in water and the same track modified for aluminum. Secondary electrons are not shown. (Figure from Ref.\[[@ref47]\])](JMSS-1-73-g013){#F12}

For boundary crossing and ray tracing, in each step, if the step goes beyond the boundary of the voxel, the deposited energy is decremented by the ratio of the path length in the original voxel divided by the total length of the step. The energy deposition of the bremsstrahlung photons generated by electrons in water is ignored, as the contribution of these photons to the dose for tissue equivalent materials are negligible.\[[@ref77]\] In the track of the primary electron, if a secondary electron is generated, the position of the primary is saved on the stack and the secondary electron is transported using the pre-generated track.

Results and Discussion of the SMC {#sec2-8}
---------------------------------

Comparison of the SMC and EGS4 results as a reference generally shows good agreement. An example of SMC results in a water-bone phantom is illustrated in [Figure 13](#F13){ref-type="fig"}. The results are generally in agreement to within 2--3% and the maximum difference between EGS4 and SMC is 5%. Differences of the same magnitude are observed in other homogeneous and heterogeneous cases.

![The depth dose curve of the central axis (a) and the dose profile curves of the water-bone phantom (b) for SMC and EGS4. The energy of the electrons is 15 MeV and the field size is 10×10 cm^2^. (Figure from Ref.\[[@ref47]\])](JMSS-1-73-g014){#F13}

For the same geometry and energy cut-off, SMC runs 20 times faster than EGS4 to reach the same uncertainty. The size of the pre-calculated data for 15 MeV electrons is 15 Mb. Although the algorithm has the capability of transporting electrons with various energies, the pre-calculated electron tracks are done only for 6 and 15 MeV and no further development has been made toward including various electron energies or implementing a code using a real phase-space data (including the energy, charge, angular, and spatial distributions). Many optimizations for improvement of SMC are possible in transport parameters, such as, the number of the electron tracks, energy cut offs, and pre-processing of an electron track to join very small steps. Finally, further development of the SMC was required for its potential clinical application.\[[@ref47]\]

VOXEL-BASED MONTE CARLO {#sec1-7}
=======================

Introduction to VMC/VMC++ {#sec2-9}
-------------------------

Voxel based MC (VMC) was developed by Kawrakow *et al*. in 1996,\[[@ref48]\] which applied some approximations and simplifications to the electron transport algorithm. One of the main approximations of VMC was the simplified treatment of multiple scattering compared to EGS4. The VMC code was very fast and produced good results, and it was improved from its original version.\[[@ref78]\] The code was originally developed for electron transport and then extended to photon transport (XVMC).\[[@ref49]\] In XVMX, the transport of the photon was speeded up using several variance reduction techniques. VMC simulation of the electron/photon transport was among the fastest MC codes.\[[@ref8]\]

The VMC and XVMC have been re-developed in C++ along with other improvements in the modeling of the physical processes and variance reduction techniques, and have been introduced as the VMC++ code.\[[@ref50][@ref51]\] The history repetition is also implemented in the VMC and VMC++ (known as STOPS) technique, which is discussed in the following sections.

Transport Modeling in VMC {#sec2-10}
-------------------------

The VMC uses some approximations and modifications applicable in a typical radiation therapy problem in which the energy range is 1--30 MeV and the density of the material is in the range of 1--3 g/cm^3^. The transport of the electron is approximated with a simplified multiple scattering algorithm, with respect to the general purpose MC codes. With the new simplified multiple scattering model the code takes a 'smaller number of steps' with respect to EGS4 transport (the detail of calculation and formulations are discussed in Ref\[[@ref24]\]).

In VMC there are also approximations in the production of secondary electrons, production of bremsstrahlung photons, and continuous energy loss of electrons. In some of these approximations, the behavior of various parameters such as the stopping power, are formulated considering the specific situation in radiation therapy (e.g., energy range 0.2--30 MeV and water-like materials). These formulations are used instead of the exact values and they are more efficient than the Table lookup, which is used in a general purpose MC code.

### Reducing the number of histories with track repetition {#sec3-1}

First we assume that there are two sources of tracks with similar energy and direction. The two sources are far enough from each other, hence none of the tracks intersect with tracks from the other source, as illustrated in [Figure 14](#F14){ref-type="fig"}. As the two beams, s~1~ and s~2~, do not interfere with each other, they have the same statistical uncertainty. Instead of generating new histories for s~2~, the source s~1~ can be reused, as it is calculated only once. Therefore, once the electron history is generated, it can be used at various positions on the surface of the phantom or patient. The only condition is that they have the same energy. In this way, computing time can be saved significantly, as parameters such as path length to discrete interactions, energies from secondary particles, and scattering angles can be removed from each other, for example, for 15 MeV electrons the points have to be more than 2 cm away from each other.\[[@ref48]\]

![Two identical sources of radiation that are far from each other without any interference](JMSS-1-73-g015){#F14}

Track repetition is subject to change in a heterogeneous phantom. For this purpose, the track of the electron is initially produced in water. The characteristics of the electron track such as deposited energy, path length, scattering angle, and electron energy are saved on the fly. The path length and scattering angles are then adjusted according to the material and the density of the medium. The difference between the track repetition in SMC and VMC is that in SMC the entire track is already available in the pre-calculated data, while in VMC the track is generated on the fly and it is repeated for various positions. Each of these techniques has its own advantages, which are discussed later in the text.

Results of VMC {#sec2-11}
--------------

The calculations using the original version of VMC were done with a 0.2 MeV energy cut-off for electrons and 0.01 MeV cut off for photons. The results were compared with the EGS4 that served as a reference. As an example of track repetition, for a 10×10 cm^2^ field and one million histories, 50000 electrons were generated and repeated 20 times in 20 different locations. [Figure 15a](#F15){ref-type="fig"} illustrates the results of VMC for monoenergetic electrons in comparison with EGS4.

![(a) Depth dose calculation of VMC for 2, 9, 30 MeV electron beams with EGS4 code. The uncertainties in calculations are less than 1%. (b) Comparison of isodose lines of VMC and EGS4 in the water phantom with a lung slab, density=0.26 g/cm^3^. (Figures from Ref.\[[@ref48]\])](JMSS-1-73-g016){#F15}

In the discussion on the results for monoenergetic electrons, about the big discrepancies, it is mentioned that:\[[@ref48]\] "When performing dose calculation for beams used in radiation therapy, these deviations will be removed in homogeneous phantoms due to the fact that different energy spectra are required for VMC and EGS4 in order to describe measured dose distribution."

The VMC code performs well in various heterogeneous cases such as water-lung and -air phantoms, as illustrated in [Figure 15b](#F15){ref-type="fig"}. There is generally a good agreement between the two codes and deviations are due to approximations in the cross sections and in the multiple scattering method. The computational speed is increased by a factor of 35 with respect to EGS4. In the first article on VMC,\[[@ref48]\] the linear accelerator is modeled in a very simple manner and good agreement between the VMC results and measurements of dose distribution for a 16 MeV electron beam is found. As no pre-calculated data is needed for VMC dose calculation, the amount of needed memory is very small and depends on the resolution of the 3D phantom, for example, for a 128×128×50 matrix representing a CT phantom, 16 Mb of RAM is required. In the follow-up articles VMC has been improved and licensed to a number of manufactuturers.\[[@ref35]\]

VMC++ and STOPS {#sec2-12}
---------------

VMC++ was developed by Kawrakow in 2000, with the C++ programming language, using an object-oriented design.\[[@ref50]\] The code includes all VMC/XVMC variance reduction techniques, but incorporates several improvements in the modeling of the underlying physical processes:

Use of the exact multiple elastic scattering theory employed in EGSnrc\[[@ref51]\]Use of STOPS technique instead of history repetitionRefinements in the simulation of various scattering processes such as corrections for Compton scattering

VMC++ is used as the dose calculation tool for the first commercial electron MC algorithm from Nucletron and is being incorporated into the Masterplan (Nucletron) and Eclipse (Varian) treatment planning systems, for photon beam dose calculations.\[[@ref79]\]

### Simultaneous transport of particle sets (STOPS) {#sec3-2}

Track repetition in VMC introduces systematic uncertainties and limits the applicability of the algorithm to low z materials discussed in the previous section. VMC++ uses a new technique for track repetition that removes the systematic uncertainties. In the STOPS technique, a group of the particles are transported at the 'same time' from various positions. The particles have the same energy, but different positions and directions. The interaction type of the particle is sampled separately based on the interaction probabilities of each medium. For all particles, in each group, several material independent parameters are sampled once, such as interpolation indices, azimuthal scattering angles, and distances to discrete interactions.

An example of VMC++ in comparison with EGSnrc is illustrated in [Figure 16](#F16){ref-type="fig"}. 20 MeV electrons inside a lead medium with a 10×10 cm^2^ field size have been simulated. As one sees there is an excellent agreement between the results of the code, with errors up to 1%.

![Comparison of VMC++ code with EGSnrc general purpose code for 20 MeV electrons. The material is lead and field size is 10×10 cm^2^ (Figure from Ref\[[@ref27]\])](JMSS-1-73-g017){#F16}

In discussion of the STOPS technique there is a very important hint about track repetition and its effect on statistical uncertainties, which is discussed here.

The efficiency of the Monte Carlo code is defined as

![](JMSS-1-73-g018.jpg)

in which T is the computing time and σ is the statistical uncertainty. Each particle group in STOPS can have various numbers of particles; however, after a certain number of repetitions, the tracks of the particles are correlated, although the efficiency is not improved.

An example of the effect of track repetition on efficiency, denoted by Kawrakow,\[[@ref27]\] is illustrated in [Figure 17](#F17){ref-type="fig"}. The Figure shows the relative efficiency of the VMC++ code for 20 MeV electrons and 10×10 cm^2^ field size in a phantom of four randomly distributed materials (lung, carbon, water, aluminum). The size of the voxels is 5 mm in each direction and the efficiency is plotted versus the number of repetitions.

![The relative efficiency of the VMC++ code as a function of the number of track repetitions (particle per set). (Figure from Ref.\[[@ref27]\])](JMSS-1-73-g019){#F17}

As one can see, the change in the efficiency versus the number of repetitions is initially increased, reaches a maximum, and then decreases for a large number of repetitions. The initial rise is because of the time that is saved by STOPS (up to 20 to 30 repetitions) and then the efficiency decreases, as the uncertainty reaches a limit and the time still increases in Eq. 3.

VMC++ is benchmarked with various clinical situations and it is also evaluated and implemented in photon--electron transport by other groups.\[[@ref65][@ref79]--[@ref85]\] The results of the code agree with EGSnrc in the sub-percent level, while the code itself runs 50 times faster than the EGS4, for electron transport.

CONCLUSION {#sec1-8}
==========

In the past decade, many fast MC codes have been developed for application in medical physics.\[[@ref86]--[@ref90]\] Considering the detailed discussion of MMC, SMC, and VMC, fast MC codes take two general approaches to accelerate dose calculations. In one approach, the transport parameters and algorithms of the particles are formulated in an efficient form, considering the specific conditions that one encounters in clinical situations. These specific conditions include a relatively smaller energy range, that is, \< 30 MeV, and low-Z materials with densities up to 3 g/cm^3^. This general feature is employed in 'from scratch' MC codes such as the VMC,\[[@ref48]\] Dose Planning Method (DPM),\[[@ref52]\] and MCDOSE\[[@ref53]\] code suites. DPM\[[@ref91]--[@ref96]\] and MCDOSE\[[@ref96]--[@ref99]\] are integrated into the treatment planning systems and they are currently being used for a variety of electron--photon beam treatment planning studies.

In another approach fast MC codes use pre-generated data for particle transport. An important advantage of developing a fast MC code using pre-generated data is that the physics can be handled accurately by a general purpose code and after generation of the pre-calculated tracks, one technically needs only simple methods to apply the tracks to the problem of interest. In this manner, various particles can be simulated with the same transport algorithm. The dramatic evolution in computer speed and large available memory has enabled several groups to develop their own fast MC codes based on pre-calculated data for application in radiation therapy.\[[@ref100]--[@ref103]\] Most of the codes use the EGS4/EGSnrc code for generation of pre-calculated data and they need a relatively large amount of memory to load the data.
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